We study nuclear modification of the photon-tagged jets in AA collisions within the jet quenching scheme based on the light-cone path integral approach to the induced gluon emission. The calculations are performed for running coupling. Collisional energy loss is treated as a perturbation to the radiative mechanism. We obtain a reasonable agreement with the recent data from the STAR Collaboration on the mid-rapidity nuclear modification factor IAA for Au+Au collisions at √ s = 200 GeV for parametrization of running αs consistent with that necessary for description of the data on suppression of the high-pT spectra.
I. INTRODUCTION
Results from RHIC and LHC on heavy-ion collisions give strong evidence for production of a deconfined quark gluon plasma (QGP). One of the main signature of the QGP formation in AA collisions is the discovery at RHIC and LHC of the extremely strong suppression of the highp T hadron spectra. It is commonly believed that this suppression is a consequence of the jet modification (jet quenching) due to the final state interaction with the QGP produced in the initial stage of AA collisions. The jet quenching is caused by the radiative [1] [2] [3] [4] [5] and collisional [6] energy loss of fast partons in the QGP. The RHIC and LHC data on the nuclear modification factor R AA , characterizing the suppression of the high-p T spectra, can be reasonably described by the radiative and collisional parton energy loss in the QGP with dominant contribution from the radiative mechanism due to the induced gluon emission. A consistent analysis of the jet quenching phenomenon requires understanding multiple gluon emission. The available approaches to the induced gluon emission [1, 2, 4, 5] deal with one gluon emission. At the one gluon level in the light-cone path integral (LCPI) [2] approach the spectrum of gluon emission by a quark may be expressed via the retarded Green function of a two dimensional Schrödinger equation, in which the longitudinal coordinates (along the initial quark momentum) plays the role of time, and the imaginary potential is proportional the cross section of interaction of the threebody qq-system with the medium constituent. The diagram technique developed in Refs. [2] allows one to go beyond the one gluon level. However, already for the double gluon emission, even in a crude oscillator approximation [7, 8] (when the potential is approximated by a quadratic form), calculations become extremely complicated [9] . And up to now there are no phenomenological schemes for the jet quenching analyses that treat accurately the double gluon emission. Anyway the double gluon level is insufficient for analyses of the jet quenching data from RHIC and LHC. In the presently available analyses of the nuclear modification factor R AA the effect of multiple gluon emission is usually accounted for in the approximation of independent gluon emission [10] [11] [12] [13] , similar to the Landau method for multiple soft photon emission in QED. This approximation does not account for the effect of the gluon cascading that may be important for the medium-modified fragmentation functions (FFs) in the soft region z ≪ 1. Nevertheless, this approximations seems reasonable to calculate the nuclear modification factor R AA . Because it depends mostly on the form of the medium-modified FFs for parton→hadron transitions in the region of intermediate and large z, where the main effect of multiple gluon emission is the Sudakov suppression which should not be sensitive to the details of the in-medium parton cascading at z ≪ 1.
Since at small z the approximation of independent gluon emission becomes questionable, it is of course highly desirable to perform comparison of the theoretical predictions obtained in the approximation of independent gluon emission [10] [11] [12] [13] with experimental observables that are sensitive to the form of the mediummodified FFs in a broad range of z. Experimentally the information about the medium jet modification in a broad range of z can be obtained from measurement of the photon-tagged jet FFs in γ+jet events [14] . The medium effects in jet fragmentation in γ+jet events are characterized by the nuclear modification factor I AA , defined as the ratio
where D AA h (z) and D pp h (z) are the γ-triggered jet FFs for AA and pp collisions, respectively. The mid-rapidity factor I AA has been recently measured by the STAR Collaboration [15] at RHIC for central Au+Au collisions at √ s = 200 GeV in a broad range of z for the photon energies 12 < E γ T < 20 GeV. In the present paper we perform a comparison of the STAR data [15] with the theoretical predictions for I AA obtained within the model of jet quenching that we de-veloped in Ref. [13] , and previously used in Refs. [16] [17] [18] for successful description of the data on the nuclear modification factor R AA . The scheme is based on the LCPI approach [2] to the induced gluon emission. The method allows one to treat accurately the Landau-PomeranchukMigdal (LPM) effect and the finite-size effects. The calculations are performed for running coupling. We perform numerical calculations beyond the oscillator approximation when parton multiple scattering in the medium can be described in terms the well known transport coefficientq [1] . The model also includes the contribution of the collisional energy loss.
The plan of the paper is as follows. In Sec. 2 we review our theoretical framework. In the first subsection we discuss our model for the in-medium FFs. In the second subsection we discuss the model of the QGP fireball used in our numerical calculations. In the last subsection we discuss calculations of the nuclear modification factor I AA . In Sec. 3 we present comparison of our numerical results with the STAR data [15] on the nuclear modification factor I AA . Sec. 4 summarizes our work.
II. THE THEORETICAL FRAMEWORK
In this section, we review the main aspects of our theoretical framework for calculation of the nuclear modification factor I AA that characterizes the jet medium modification in AA collisions.
A. Medium-modified FFs
As was said in Introduction, currently the first principle analysis of the jet medium modification in AA collisions is impossible. Our treatment of the medium modified FFs D m h/i for parton→ hadron transitions for AA collisions is similar to that developed in our analysis [13] of the nuclear modification factor R AA . It is based on the LCPI approach [2] to the induced gluon emission from fast partons in the QGP. For reader's convenience, and since some of the details have been omitted in our concise paper [13] , in this subsection we discuss the important points of our model for calculation of the medium modified FFs.
We assume that that the parton→hadron transition consists of the three stages: the DGLAP cascading, the induced gluon emission stage in the QGP, and parton hadronization outside the QGP. For a given jet trajectory in the fireball the FF D 
where D h/j describes parton hadronization outside the QGP, and D 
where
(z, Q 0 , Q) describes the first DGLAP stage for parton→parton transition in the parton cascading from the initial parton virtuality Q to a small virtuality scale Q 0 , where the DGLAP cascade is stopped. The FF D in j/k (z, E k ) corresponds to the inmedium parton→parton transition in the QGP fireball. It depends on the energy of the parton k.
In the absence of the medium the D (z, Q 0 , Q). In this case (2) reduces to its vacuum counterpart corresponding to FF for pp collisions
As in Ref. [13] we take Q 0 = 2 GeV for the FFs (z, Q 0 , Q) have been computed with the help of the PYTHIA event generator [20] . It was used to create a grid of values for D DGLAP k/i (z, Q 0 , Q) in the z − Q plane. Our method for calculation of the FFs for pp collisions in the form of the convolution of the KKP FF at Q 0 = 2 GeV and the DGLAP FFs guarantees that in the limit of the vanishing induced radiation the medium-modified FFs given by Eqs. (2), (3) exactly reduce to the pp FFs (4). We checked that quantitatively our formula (4) reproduces reasonably well the Qdependence of the KKP FFs [19] . Nevertheless, to avoid the effect of a possible difference between the KKP FFs and the FFs given by Eq. (4) on predictions for I AA , the use of the form (4) is clearly preferred for numerical calculations of the I AA .
The form given by Eqs. (2), (3) assumes that the DGLAP and the induced gluon emission stages are approximately ordered in time. This picture seems to be reasonable for initial parton energies ∼ < 100 GeV, because in this region the typical formation time for emission of the first most energetic gluon in the DGLAP cascade turns out to be relatively small. The gluon formation length emitted by a fast quark in vacuum is approximately
where x is the gluon fractional momentum, and
. From Eq. (5) using the vacuum spectrum of the gluon emission from a quark
we obtained that for E ∼ < 100 GeV the typical gluon formation lengthL f ∼ 0.3 − 0.5 fm (we take m g = Q 0 since we are interested in the typical length for gluons with virtuality Q ∼ > Q 0 ). This says that the hardest gluon emission in the DGLAP cascade typically occurs before formation of the equilibrated QGP, which is expected at the proper time τ 0 ∼ 0.5 fm. The above estimate for the typical time of the DGLAP stage agrees with qualitative L-dependence of the fast parton virtuality Q(L) ∼ Q/L (which can be obtained from the uncertainty relation ∆E∆t ∼ 1). This says that for L ∼ τ 0 ∼ 0.5 fm for the initial partons with E ∼ 10 − 50 GeV we have Q(L) ∼ 2 − 4 GeV. For this reason the scale Q 0 ∼ 2 GeV, that is reasonable for the lower end of the DGLAP evolution, at the same time translates to the longitudinal scale that agrees qualitatively with the QGP production time where the induced gluon emission comes into play. Note however, that our numerical calculations show that the results are practically insensitive to the value of Q 0 . For this reason it does not make sense to try to find more appropriate value of Q 0 which better corresponds to the space-time picture of the QGP production and transition of the DGLAP stage to the stage of the induced gluon emission in the QGP. Anyway, in the DGLAP cascade the time of parton splitting can be only estimated very roughly. One remark about the arguments of the FFs in Eqs. It is because we evaluate the induced gluon spectrum within the old fashioned perturbation theory in the coordinate representation in which particles are not characterized by virtuality. In this formulation the virtuality may be estimated from the length scale L and the parton energy E with the help the uncertainty relation that gives Q ∼ E/L which, of course, matches the above formula for Q(L).
We are fully aware that the picture with the time ordering of the DGLAP and the induced gluon emission stages may be questionable for the DGLAP gluon emission with sufficiently small transverse momenta (about the Debye mass of the QGP) when the vacuum gluon formation length becomes as large as the typical formation length for the induced gluon emission. Note that just because of the interference of the vacuum gluon emission with the induced one the induced gluon spectrum vanishes for zero medium size. In the form (2), (3) these interference effects are assigned to the in-medium FF D in j/k . In the absence of a consistent approach to the in-medium parton cascading it is difficult to estimate the theoretical uncertainties from the use of the representation given by Eqs. (2), (3). It is worth noting that a formal interchange in Eq. (3) of the DGLAP and in-medium FFs practically does not change the results.
We calculate the in-medium FFs D in j/k (z, E k ) in the approximation of independent induced gluon emission [10] using for the one gluon emission distribution the induced gluon spectrum in the form obtained in Ref. [21] within the LCPI approach [2] . The form of Ref. [21] does not require calculation of the singular Green's function as in the original representation of the spectrum of Refs. [2] . The method of Ref. [21] reduces calculation of the gluon spectrum to solving a two-dimensional Schrödinger equation in backward time direction with a smooth boundary condition. It is convenient for accurate numerical calculations beyond the oscillator approximation. For the reader's convenience in Appendix A we give the necessary formulas.
In the approximation of independent gluon emission the quark fractional energy loss distribution in ξ = ∆E/E can be written as [10] (hereafter, for notational simplicity, we omit argument E)
is the no gluon emission probability, dP/dx is the probability distribution for the q → gq transition with x = E g /E q . At ξ ≪ 1 the main effect of the multiple gluon emission is the Sudakov suppression. It is well seen from the approximate calculation of (7) at the level of twogluon emission for the regime when the relative energy loss ∆E/E = 1 0 dxxdP/dx is much smaller than unity. In this regime, similarly to the electron energy loss [22] , from (7) one can obtain
where x 1 + x 2 = ξ. The exponential Sudakov suppression factor in (9) reflects a simple fact that emission of gluons with the fractional momentum bigger than ξ is forbidden. For accurate numerical calculation of the distribution W (ξ) given by Eq. (7) it is convenient to rewrite it as a series [11] 
where W n are determined by the recurrence relations
with
In numerical calculations we set dP/dx = 0 at x < m g /E q and 1 − x < m q /E q . The expression (7) satisfies the relations
For any value of the ratio ∆E/E, the formula (7) leads to some leakage of the probability and the fractional momentum to the unphysical region of ξ > 1. The effect is small at ∆E/E ≪ 1, but for the conditions of the jet quenching in AA collisions when ∆E/E is not very small, say, ∼ 0.2 [23] for light quarks at E ∼ 10 − 20 GeV for RHIC conditions, the effect may be sizeable. To ensure the flavor conservation
we define a renormalized distribution in the physical region ξ < 1
Then this renormalized distribution is used to define the in-medium q → q FF
We define the FF for q → g transition as
We determine the coefficient K gq from the momentum sum rule
In the limit ∆E/E → 0 K gq → 1. Indeed, at one gluon emission level the z-distribution for q → g transition is connected to that for q → q by interchange of the arguments z ↔ 1 − z. Then after setting the upper limit of ξ-integration in Eqs. (13), (14) to 1, we conclude that the momentum sum rule (20) is satisfied for K gq = 1.
For the g → g transition we use the following procedure. In the first step we define D in g/g (z) in the region z > 0.5, where the Sudakov suppression is important, through the independent gluon emission distribution W (ξ) (with ξ = 1 − z) given by Eq. (7) using for dP/dx the x-distribution for g → gg induced transition. Note that for g → gg transition due to the x ↔ 1 − x symmetry of the function dP/dx we can use 0.5 for the upper limit in x-integrations in Eqs. (7), (8) (it means that we view the softest gluon with x < 0.5 as a radiated gluon). In the soft region z < 0.5, where one can expect a strong compensation of the multiple gluon emission and the Sudakov suppression, we use simply the one gluon distribution dP/dx (with x = z). This procedure can violate the momentum sum rule
which should be satisfied. To cure this drawback we multiply the FF obtained at the first step by a renormalization coefficient K gg defined from the momentum conservation (21) . Note that for the jet path length in the QGP L ∼ 5 fm and the typical jet energy ∼ 15 GeV, that is relevant to conditions of the STAR experiment [15] , the necessary values of the renormalization coefficients turn out to be not very far from unity (K≈ 1.1, K gq ≈ 0.8 and K gg ≈ 0.7). This says that we are in a regime when the leakage of the probability to the unphysical region ξ > 1 and the violation of the momentum sum rule for the distribution (7) are relatively small. Note that in our calculations the process g →is included into the DGLAP FF in Eq. (3), but we neglect the induced gluon conversion intopairs in calculations of the in-medium FF D in j/k . Calculations within the LCPI formalism [2] , using the formulas given in Appendix A, show that for light quarks for the QGP produced in AA collisions for RHIC and LHC conditions the probability of the induced g →transition turns out to be relatively small. For conditions of the STAR data [15] , when the typical gluon energy E ∼ 15 GeV and the typical path length in the QGP L ∼ 5 fm, the probability of the gluon conversion into thestates ∼ < 10%. From the point of view of the nuclear modification factors I AA and R AA the effect of this process should be negligible since the hadronization of thestate should be similar to that of a gluon.
The above formulas do not include the effect of the the collisional energy loss. Presently there is no a consistent approach for incorporating of the collisional energy loss in jet quenching calculations on an even footing with the radiative mechanism. In the present analysis, as in Refs. [13, [16] [17] [18] , we treat the collisional energy loss (that is relatively small [23] ) as a perturbation to the radiative mechanism, and incorporate it by a small renormalization of the initial QGP temperature for the radiative in-medium FFs D in i/k according to the change in the ∆E due to the collisional energy loss (see Ref. [13] for details). We evaluate the collisional energy loss using the Bjorken method [6] , but with an accurate treatment of kinematics of the binary collisions (the details can be found in Ref. [23] ).
In calculations of the induced gluon emission distribution dP/dx we take for parton masses the quasiparticle masses in the QGP. We use the quasiparticle masses m q = 300 and m g = 400 MeV supported by the analysis of the lattice data [24] . Note that the results are practically insensitive to the quark mass. We use the Debye mass µ D in the QGP obtained in the lattice analysis [25] , which gives µ D /T slowly decreasing with
However, the sensitivity of the results to the Debye mass is relatively weak. Because the spectrum dP/dx is mostly controlled by the behavior of the dipole cross section (see Eq. (A5)) in the region ρ ∼ < 1/µ D , where it depends on µ D only logarithmically.
Both for radiative and collisional mechanisms we use the one-loop running α s frozen at low momenta at some value α f r s (see Appendix A). The use of the same parametrization of running α s for the radiative and collisional mechanisms is important for minimizing the theoretical uncertainties in the fraction of the collisional contribution. The results of the analyses of the low-x structure functions [26] and of the heavy quark energy loss in vacuum [27] show that for gluon emission in vacuum for this parametrization α f r s ≈ 0.7 − 0.8. However, the thermal effects can suppress the in-medium QCD coupling, and we treat α f r s as a free parameter.
B. Model of the QGP fireball
As in our previous analyses of the nuclear modification factor R AA [13, [16] [17] [18] we use the ideal gas model of the QGP with Bjorken's 1+1D expansion [28] . It gives T 3 0 τ 0 = T 3 τ , where τ 0 is the thermalization time of the matter. We take τ 0 = 0.5 fm. As in Refs. [13, [16] [17] [18] , for simplicity, we neglect variation of T 0 with the transverse coordinates. We take the medium density ∝ τ for τ < τ 0 . This is just an ad hoc prescription to account for the fact that the QGP production is clearly not an instantaneous process. Note however, that the effect of the region τ < τ 0 is small. It is due to a strong finite-size suppression of the induced gluon emission in the regime when the parton path length is smaller than the gluon formation length [7, 8] .
We fix the initial temperature of the plasma fireball in AA collisions from the initial entropy density determined via the charged particle multiplicity pseudorapidity density, dN AA ch /dη, at mid-rapidity (η = 0) calculated from the two component Glauber wounded nucleon model [29] 
where dN pp ch /dη is the multiplicity density for pp collisions, N part and N coll for a given impact parameter b are given by the Glauber formulas
with T A (b) = dzρ A (b, z) the nuclear profile function. The N part and N coll have been calculated with the Woods-Saxon nuclear distribution
with R A = (1.12A 1/3 − 0.86/A 1/3 ), and a = 0.54 fm [30] . [33] . We determine the entropy density with the help of the Bjorken relation [28] 
Here C = dS/dy dN AA ch /dη ≈ 7.67 [34] is the entropy/multiplicity ratio, and S f is the transverse area of the QGP fireball. We define it as the overlapping area of the colliding nuclei. In calculating the S f we use the nuclear matter disk radius r = R A +ka with k = 1.5 used in our analysis [18] of the nuclear modification factor R AA . In the physically reasonable range k ∼ 1 − 2, the results for I AA have a weak dependence on k. This occurs because for the parton energy loss the change in the jet path length with variation of k is approximately compensated by the corresponding change in the fireball density. For Au+Au collisions at √ s = 200 GeV for 0 − 12% centrality bin as in Ref. [15] this procedure gives T 0 ≈ 327 MeV (we take N f = 2.5 to account for the mass suppression for the strange quarks in the QGP). For the above value of the initial temperature in 1 + 1D Bjorken's expansion the QGP reaches T ∼ T c (here T c ≈ 160 is the crossover temperature) at τ QGP ∼ 4 − 5 fm. We treat the crossover region as a mixed phase [28] . For the relevant values of the proper time τ ∼ < 8 − 10 fm (see below) the QGP fraction in the mixed phase is approximately ∝ 1/τ [28] . For this reason we can use in calculating jet quenching the 1/τ dependence of the number density of the scattering centers in the whole range of τ (but with the Debye mass defined for T ≈ T c at τ > τ QGP ).
The Bjorken 1 + 1D model [28] ), used in our analysis, neglects the transverse expansion of the matter that becomes very important at τ ∼ R A ∼ 6 fm. However, from the point of view of the parton energy loss its effect should not be large due to compensation between the enhancement of the energy loss caused by increase of the medium size and its suppression caused by reduction of the medium density. The fact that the transverse expansion of the fireball does not affect strongly jet quenching in AA collisions was demonstrated, for the first time, in Ref. [35] within the BDMPS approach [1] .
C. Calculation of IAA
In leading order (LO) pQCD the energy of the hard parton produced in the direction opposite to the tagged direct photon, E T , coincides with the photon energy E γ T . For E T = E γ T the medium modification factor for a given photon energy reads
where the nominator and the denominator are the FFs for the photon-tagged jets in AA and pp collisions, respectively. For pp collisions
where D h/i is the FF for i → h process defined by Eq. (4) with Q = E γ T , and r pp i is the fraction of the γ + i parton state in the γ+jet events in pp collisions. The FF for AA collisions can be written as
where D m h/i is the medium modified FF for i → h process defined by Eqs. is the fraction of the γ + i parton state in the γ+jet events for AA collisions, means averaging over the impact parameter of AA collision, the jet direction and the position of jet production. The distribution of the jet production points in the transverse plane for a given impact vector b is ∝ T A (ρ)T A (b − ρ). This averaging procedure leads to fluctuations of the fast parton path length L in the QGP. In Fig. 1 we show the distribution in L for Au+Au collision for the 0 − 12% centrality bin corresponding to the conditions of the STAR experiment [15] calculated for our model of the QGP fireball.
For the STAR experiment [15] E γ T ∼ < 20 GeV. In this case the sum over all relevant types of partons on the right hand side of Eqs. (28) , (29) is dominated by gluon and light quarks. Since the medium effects for all light quarks are very similar, we consider all light quarks as one effective light quark state q with r q = 1 − r g . We calculate the r q,g using the LO pQCD with the CTEQ6 [36] parton distribution functions. As in the PYTHIA event generator [20] , to simulate the higher order effects in calculation of the partonic cross sections we take for the virtuality scale in α s the value cQ with c = 0.265. For AA collisions we account for the nuclear modification of the parton densities (which leads to a small deviation of I AA from unity even without parton energy loss) with the help of the EKS98 correction [37] . This calculation gives for E The LO pQCD formulas do not account for the effect of the intrinsic parton transverse momentum on the photontagged jet FFs. The intrinsic parton transverse momenta lead to fluctuation of the jet energy E T around the photon energy E γ T both for pp and AA collisions [14] . In the pQCD the intrinsic parton transverse momenta in PDFs emerge in NLO calculations due to the initial state radiation in jet production. The NLO calculations performed in Ref. [38] show that for AA collisions the smearing correction, ∆ sm , to the medium modification factor
is a smooth function of E γ T . Using this formula with the help of the results of Ref. [38] we can obtain the smearing correction to I AA for the conditions of the STAR experiment [15] . The STAR data are obtained for z ∼ 0.15 − 0.8. The results of Ref. [38] show that at E γ ∼ 7 − 9 GeV, in the potentially dangerous region z ∼ 0.8 ∆ sm increases I AA by ∼ 30%. For the photon energy interval 12 < E γ T < 20 GeV studied in Ref. [15] from the formula for ∆ sm we conclude that the smearing correction to I AA should be ∼ < 8% at z ∼ 0.8 (in fact even at z = 0.9 it is relatively small), and for z ∼ < 0.6 it should be very small. For this reason for the photon energy region studied in Ref. [15] accuracy of the LO pQCD predictions for I AA should be quite good.
III. NUMERICAL RESULTS AND DISCUSSION
The data of Ref. [15] are obtained for the photon energy region 12 < E γ T < 20 GeV. We define the nuclear modification factor I AA for the photon energy window E 1 < E < E 2 (hereafter, for notational simplicity, we omit the T and γ indeces of the photon energy) as
where the FFs in the denominator and numerator are averaged over the photon energy with the help of the LO pQCD cross section for photon-jet events dσ/dydE defined as
with superscript i = AA, pp.
The cross section dσ AA /dydE is calculated with the EKS98 [37] correction to the nuclear PDFs.
Before presenting our results for the medium modification factor I AA , it is instructive to first compare our results for the pp photon-tagged FF and to illustrate the z and L dependence of the medium effects in our model. In Fig. 2 we compare our results for the pp photon-tagged FF for charged hadrons for the STAR energy window between E 1 = 12 and E 2 = 20 GeV with that measured in Ref. [15] . From Fig. 2 one sees that the theoretical photon-tagged FF agrees reasonably with that from STAR [15] . In Fig. 2 in addition to the prediction for the photon-tagged jet FF calculated using FFs given by Eq. (4) we also plotted the curve obtained using the pure KKP FFs D h/i (z, Q). One can see that the results for both the methods agree reasonably well. However, in principle, from the point of view of the theoretical predictions for I AA the quality of description of the pp photon-tagged FF is not very important.
To illustrate the relative contribution from gluon and quarks to the photon-tagged FFs in Fig. 3 we plot fraction of the gluon contribution to D obtained with and without the EKS98 corrections to the nuclear PDFs. One can see that both for pp and AA collisions the relative gluon contribution decreases strongly with increasing z. The effect of the nuclear modification of the PDFs is relatively small. From the curves for the Au+Au collision, one can see that the suppression of the gluon fraction at large z is considerably stronger than for pp collisions. This is a consequence of a bigger energy loss in the QGP for gluons.
In order to better demonstrate the difference between the strength of jet quenching for gluon and quark jets in 
where P (L) is the jet path length distribution for Au+Au collisions for 0 − 12% centrality bin shown in Fig. 1 . One sees that the typical path lengths for gluon and quark jets, that contribute to hadron production at small z, are close to each other. But for large z the typical jet path length for gluon jets becomes by a factor of ∼ 1.5 − 2 smaller than that for quark jets. Both for quarks and gluons the value of L(z) decreases with increase of z. It occurs because hadron production at large z is biased to events with smaller parton energy loss, i.e. to events with smaller parton path length through the medium. The effect is more pronounced for gluons that have larger energy loss.
To illustrate the L-dependence of the medium modification of the photon-tagged FF, in Fig. 5 we plot the medium modification factor for several path lengths in the QGP (we denote it by I m (z, L)). To separate the medium effect from influence of the nuclear corrections to the factors r q,g , we calculated I m without the EKS98 corrections, i.e. using for the nominator the mediummodified FFs (2) weighted by the factors r
as for pp case (28). We perform averaging over energy as for the factor I AA given by Eqs. (30), (31) . From  Fig. 5 one sees that the L-dependence of the medium modification becomes rather weak at L ∼ 8 − 10 fm. One can see that, in agreement with the decrease of L q,g (z) with increase of z seen from Fig. 4 , the photon-tagged FF at large z should be biased to the events with smaller jet path lengths through the QGP. Finally, after presenting illustrative results, in Fig. 6 we confront our results for the medium modification factor I AA obtained for α f r s = 0.4, 0.5 and 0.6 with the data from STAR [15] . Our previous analyses [18, 39] of the RHIC data on the nuclear modification factor R AA in Au+Au collisions at √ s = 200 GeV at p T ∼ 10 − 20 GeV support α f r s ∼ 0.5. From Fig. 6 one sees that α f r s ∼ 0.5 gives also a reasonable agreement with the STAR data [15] on the nuclear modification factor I AA in the whole range of z studied in Ref. [15] from z ∼ 0.8 down to z ∼ 0.15 − 0.25. Note that at z ∼ < 0.4 our results depend weakly on the value of α f r s . In Fig. 6 we included the region of very small z down to z ∼ 0.03 that corresponds to hadrons with momentum ∼ 0.4 − 0.5 GeV. It is done just to illustrate the flow of the jet momentum into the soft region in our model, which satisfies the momentum sum rule. Of course, the production of such low energy hadrons cannot be treated in the jet fragmentation picture, because it should involve fragmentation of partons with energy comparable to the energy of the thermal partons in the produced QGP.
As we noted in Introduction, the approximation of independent gluon emission, based on Landau's method [10] , has no a rigorous theoretical justification at z ≪ 1, where cascading of the primary gluons radiated from fast partons may come into play. The typical energy for partons fragmenting to hadrons in the region z ∼ 0.15 − 0.25 is ∼ 3 − 6 GeV (we take the jet energy E ∼ 15 GeV that is approximately the mean energy for the STAR window E ∼ 12−20 GeV [15] ). It corresponds to the parton fractional momentum x ∼ 0.2 − 0.4 The formation length for the induced radiation, L in f , of a primary gluon with the fractional momentum x from a fast quark can be esti- 
where as in Eq.
, S LP M is the LPM suppression factor. From the formula (34) one can obtain L in f ∼ 3 − 4 fm. We used S LP M ∼ 0.3 that corresponds to τ ∼ 3 fm that is interesting to us. The formation length for radiation of the secondary gluons with energy about half of that for the primary gluons is about ∼ 2 − 3 fm. It means that typically splitting of the primary gluons can occur at τ ∼ 5 − 6 fm. In this region the density of the QGP is at least by a factor of ∼ 10 smaller than that at the initial time τ 0 . For this reason the induced gluon splitting of the primary radiated gluons, that are neglected in our analysis, may be a relatively weak effect.
The present analysis assumes that the medium effects are present only in AA collisions. It is possible that a small-size QGP is produced in pp collisions as well. The idea that the QGP may be produced in hadron collisions is very old [40] . Application of the Bjorken relation (26) to pp collisions shows that at RHIC energy √ s = 200 GeV the initial temperature of the mini-QGP fireball may be as large as ∼ 200 − 230 MeV [39] which is well above the deconfinement temperature. In the scenario with the mini-QGP production the theoretical nuclear modification factor R AA should be divided by the medium modification factor for pp collisions R pp [39] that accounts for jet quenching in the mini-QGP produced in pp collisions. For RHIC energy √ s = 200 GeV numerical calculations within the LCPI approach give R pp ∼ 0.7 − 0.8 at p T ∼ 10 − 20 GeV [39] . The results of Ref. [39] show that in the scenario with mini-QGP production some increase of the nuclear modification factor R AA due to the additional factor 1/R pp can be imitated by reduction of the α f r s . Since a direct measurements of R pp is impossible, it is practically impossible to distinguish the scenarios with and without the mini-QGP production in pp collisions using the data on the R AA . For the nuclear modification factor I AA the situation is similar. In the scenario with mini-QGP production in pp collisions the theoretical I AA should be divided by the medium modification factor I pp for pp collisions, which, similarly to R pp , is unobservable quantity. And its effect on the theoretical I AA can be imitated by some change in α s . However, contrary to the medium effects in pp collisions on the high-p T spectra, the photon-tagged jet FF, at least in principle, enables us [41] to study the effect of mini-QGP by measuring its variation with the multiplicity of soft off-jet particles (the so-called underlying events, see Ref. [42] for a review). But this requires measurements of the photon-tagged jet FF for very high underlying event multiplicities dN UE ch /dη ∼ 40 [41] . Such multiplicities are too high to be measured at RHIC energies in the γ+jet events.
IV. SUMMARY
We have calculated the nuclear modification factor I AA for the photon-tagged jets within the jet quenching scheme based on the LCPI approach [2] to the induced radiation with the collisional energy loss treated as a perturbation to the radiative mechanism. The calculations are performed for running α s frozen at low momenta. Our scheme for calculation of the mediummodified photon-tagged jet FF function in AA collisions preserves the flavor and the momentum conservation. We have compared the theoretical predictions with the recent data from STAR [15] for Au+Au collisions at √ s = 200 GeV for 12 < E γ T < 20 GeV. We obtained a reasonable agreement with the STAR data in the whole range of z from z ∼ 0.8 down to z ∼ 0.15 for running coupling constant frozen at the value α f r s ∼ 0.5. This value agrees well with that necessary for description of the RHIC data on the nuclear modification factor R AA .
Appendix A. Formulas for the spectrum of the induced a → bc transition
In this appendix for the reader convenience and completeness we give formulas for calculations of the probabilities of q → gq, g → gg, and g →transitions in the LCPI approach [2] . We use the representation of the induced spectrum obtained in Ref. [21] which is convenient for numerical calculations. In general in the LCPI approach the x-distribution for the induced a → bc partonic transition (hereafter x = E b /E a ) for parton a with momentum along the z-axis produced in a hard process at z = 0 in the matter of thickness L can be written as
where n(z) is the medium number density, dσ BH ef f /dx is an effective Bethe-Heitler cross section. It accounts for both the LPM and finite-size effects and can be written as
Here P b a (x) is the usual pQCD splitting function for a → bc transition,
2 (ξ) = aM/ξ with a ≈ 1.85 (this value of the parameter a was fixed in Ref. [23] by comparison of the induced gluon spectrum calculated in the coordinate representation with that obtained in the momentum representation for the dominant N = 1 rescattering contribution), F is the solution to the radial Schrödinger equation for the azimuthal quantum number m = 1
with the potential
Note, that in terms of the original longitudinal variable z along the fast parton momentum we solve the Schrödinger equation backward in time/z. The point ξ = 0 corresponds to the last rescattering of the bcā system on a medium constituent located at z. This technical trick allows us to have a smooth boundary condition for
the Bessel function). The function σ 3 (ρ, x, z) is the cross section of interaction of the bcā system with a medium constituent located at z (the argument ρ is the transverse distance between b and c). In the transverse plane the partonā in the bcā system is located at the center of mass of the bc pair. In the Schrödinger equation (A3) M plays the role of the reduced "Schrödinger mass" for the bc pair (since the "masses" for the b and c partons are E a x and E a (1 − x), respectively). The three-body cross section σ 3 can be written in terms of the well known dipole cross section for the color singletpair [43] that is given by The LPM suppression and finite-size suppression for the in-medium a → bc process is characterized by the factor S(M, x) = dP/dx dP BH /dx ,
where the denominator is the Bethe-Heitler spectrum calculated using in Eq. (A1) the real Bethe-Heitler cross section for a → bc transition given by [44] dσ BH (x, z) dx = dρ|Ψ bc a (ρ, x)| 2 σ 3 (ρ, x, z) ,
where Ψ bc a (ρ, x) is the light-cone wave function for a → bc transition. Since |Ψ 1 , the factor S(M, x) for a given value of M has a smooth dependence on x. It occurs because the x-dependence of the integrand of (A2), that comes only from the x-dependence of ǫ 2 and of the three-body cross section σ 3 , is relatively weak. This fact allows one to reduce considerably CPU time in numerical calculations by creating a grid of values of S(M, x) in the M −x plane with relatively small number of points in x. Then this grid can be used for calculation of the spectrum dP/dx by performing interpolation in x and using the BetheHeitler spectrum that does not require much computing power.
In the above formulas for the effective Bethe-Heitler cross section (A2) and for the dipole cross section (A5) we use the following parametrization for α s (Q In this appendix we discuss the energy dependence of the smearing correction to the LO predictions for the nuclear modification factor I AA . This correction potentially may be important at z close to unity. The question is where the regime of large smearing correction begins. To understand this we use as a plausible estimate of the smearing effect the results of the NLO model [38] . This analysis shows that for AA collisions the smearing correction to the medium modification factor I AA (z) blows up at z ∼ > 0.8−0.9 for E ∼ 8 GeV. The results of Ref. [38] can be easily rescaled to our conditions. Indeed, let us write the LO I AA as
where D h is the FF for pp collisions, ∆z = z∆E/E is shift of z due to the radiative parton energy loss ∆E in the QGP (here, for simplicity, we omit averaging over ∆z which should be made, also for clarity we omit the argument E and superscript pp on the FF). The I AA in the presence of the smearing (we denote itĪ AA ) can be written as
where δz = zq/E and q is the shift of the jet energy (E jet = E + q) (we assume that the smearing correction is not very large, and keep only the second order terms in δz). From (B2) we obtain an equation which does not contain ∆zĪ
The second term in the square brackets in Eq. (B4) can be neglected (since I AA is a smooth function as compared to D h ). Then we obtain
where F (z, E) is a smooth function of energy, and does not depend on the strength of the medium suppression at all. The fact that ∆ sm ∝ dI AA /dz is quite natural. For a flat I AA the smearing effect should vanish since the numerator and denominator are affected in the same way. Note that the ∆ sm ∝ dI AA /dz scaling agrees with the results for ∆ sm from Ref. [38] obtained for different magnitudes of the energy loss (shown in Fig. 2 of Ref. [38] ). So now with the help of (B5) we can rescale the smearing correction of Ref. [38] to the higher energy region corresponding to the STAR experiment [15] .
